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Ultraviolet lighta b s t r a c t
The endoplasmic reticulum (ER) operates in adaptive responses to various stresses, dictating cell
fate. Here we show that knockdown of the ER protein mitsugumin23 (MG23) enhances cell death
induced by ultraviolet C (UVC), which causes DNA damage. The small heat shock protein aB-crystal-
lin (aBC) is identiﬁed as a MG23 binding molecule and its knockdown facilitates death of UVC-
exposed cells. Conversely, aBC lowered UVC sensitivity when expressed as an ER-anchored form.
Taken together, the results suggest that MG23 plays a protective role against UVC by accumulating
aBC in the close vicinity of the ER.
Structured summary of protein interaction:
MG23 physically interacts with aBC by anti tag coimmunoprecipitation (View interaction)
MG23 physically interacts with aBC by two hybrid (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The ER is a multifunctional organelle. It is involved in the
synthesis and processing of protein, lipid synthesis, detoxiﬁcation
of drugs and regulation of Ca2+ mobilization as an intracellular
storage [1,2]. Recently, considerable attention has been given to
roles for the ER in adaptive stress responses collectively called
the UPR [3–6]. The UPR is provoked under various
pathophysiological circumstances, including hypoxia, hypoglyce-
mia and viral infection. In these contexts, misfolded proteins are
accumulated in the ER, followed by signal propagation from this
organelle. Although little is known about their molecular nature,
signals emanating from the ER elicit diametrically opposite cellular
phenomena, namely, survival and death.
Recently, we have demonstrated using whole-body c
irradiation of mice that MG23, a three-transmembrane domain
protein localized predominantly to the ER and the nuclear
membrane [7,8], is involved in a response to DNA DSBs [9]. Theﬁnding prompted us to postulate that MG23 operates in response
to other types of DNA lesion, thereby enabling the ER to govern fate
determination of DNA-damaged cells. To explore this hypothesis,
we investigated if knockdown of MG23 in HEK293T (hereafter re-
ferred to as 293T) cells would affect their vulnerability to UVC,
which causes DNA lesions such as cyclobutane pyrimidine dimers
and 6,4-photoproducts [10–13]. Here, we have revealed that MG23
would be protective against UVC and propose that the ER functions
as a signaling platform supporting the DDR as well as the UPR.2. Materials and methods
2.1. Expression constructs and siRNAs
To generate expression constructs, DNA fragments encoding
murine MG23 and human aBC were PCR-generated and cloned in
frame into the pcDNA4/myc-His (Invitrogen) or pEGFP-N1 vector
(TAKARA Bio, Shiga, Japan). To knock down MG23, two different
siRNA duplexes (MG23si and MG23siAlt) as below were individu-
ally transfected into 293T cells: MG23si (50-GCAUGUGUUCAAAGC-
CAUUTT-30 and 50-AAUGGCUUUGAACACAUGCTT-30) and MG23
siAlt (50-GACCCAGAUAGGUCGAUCUTT-30 and 50-AGAUCGACCUA
UCUGGGUCTT-30). The siRNA duplex against aBC (aBCsi) was
comprised of the following siRNAs: (50-CCAGGGAGUUCCACA
GGAATT-30 and 50-UUCCUUGGUCCAUUCACAGTT-30).
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293T cells were grown in DMEM (WAKO, Tokyo, Japan) supple-
mented with 10% fetal calf serum at 37 C in a 5% CO2 humidiﬁed
incubator. The cells were plated 22 h prior to transfection in 24-
well plates at 5  104 cells per well. The expression constructs
and siRNA duplexes were transfected into the cells using X-treme-
GENE siRNA transfection reagent (Roche). At 24 h posttransfection,
Etop, Tg, and Tu (all from WAKO) were added to the culture med-
ium. The cells were incubated for a further 40 h and then subjected
to ﬂow cytometric analysis.
2.3. UVC exposure
At 22 h posttransfection, 293T cells were irradiated with UVC
(254 nm) at 15 or 50 J/m2 using a UV crosslinker CX-2000 (UVP).
The cells were incubated for a further 24 h and then subjected to
ﬂow cytometric analysis.
2.4. Immunoprecipitation and immunoblotting
Immunoprecipitation and immunoblotting experiments were
performed as described previously [14]. The following antibodies
were used: actin (C-2) and myc (9E10) from Santa Cruz Biotech,
aBC (SPA-223) from Stressgen, and GFP from MBL (Nagoya, Japan).
Anti-MG23 antiserum was produced by injecting mice with a key
limpet hemocyanin-conjugated peptide corresponding to amino
acid residues 186–243 of human MG23.
2.5. Flow cytometry
Flow cytometric analysis was performed as described previ-
ously [14].
2.6. Reverse transcription polymerase chain reaction analysis
RT-PCR was performed as described previously [15]. To
examine transcript levels of the indicated genes, the following
primers were used: 5 0-GCATTGCTGACAGGATGCAG-3 0 andFig. 1. MG23 knockdown enhanced UVC-induced cell death. (A) 293T cells transfected
exposed to UVC (15 J/m2) and then analyzed by ﬂow cytometry at the indicated time po
subpopulations (Annexin V+/7-AAD) and Annexin V+/7-AAD+). The result represents mea
test the difference between paired values. Asterisk: P < 0.01. (B) Transfected 293T cells we
dimethylsulfoxide; Etop, 1–100 lM; Tg, 2 lM; Tu, 10 lg/ml. Flow cytometric analysis
respectively. The result represents mean ± S.E. of four separate experiments. Asterisk: P
MG23 expression plasmid. Flow cytometric analysis was performed at 24 and 40 h after U
mean ± S.E. of six separate experiments. ⁄P < 0.05, ⁄⁄P < 0.01.50-CCTGCTTGCTGATCCACATC-30 for b-actin, 50-GCTCGAGCACCATG
GCAGGCGCAC-30 and 50-CGAATTCGCTCTTCTTCCATGCTCC-30 for
MG23, and 50-CGGCGGCCGCTATGGGGTGGAATATC-30 and 50-CGG
TCGACTTTCTTGGGGGCTGCG-30 for aBC.
2.7. Yeast two-hybrid screening
The Matchmaker GAL4 Two-hybrid System 3 (TAKARA Bio.) was
used according to the manufacturer’s manual. The C-terminal re-
gion of murine MG23, corresponding to amino acid residues
201–243, was employed as a bait to survey a cDNA library derived
from human skeletal muscle.
2.8. Statistics
Statistical signiﬁcance in Fig. 1 was evaluated using Wilcoxon
rank sum test. For non-parametric all-pairs multiple comparisons
in Figs. 2–4, Steel–Dwass test was used.
3. Results
3.1. MG23 knockdown enhanced UVC-induced cell death
We previously demonstrated that thymocytes in MG23-knock-
out mice are more resistant to c irradiation compared with their
wild-type counterparts [9]. The ﬁnding prompted us to hypothe-
size that MG23 might operate in response to any DNA lesion other
than that caused by c ray. To explore this possibility, we examined
whether MG23 knockdown would impinge on a cellular damage
response to UVC. MG23 was depleted comparably by two siRNA
duplexes (MG23si and MG23siAlt) individually transfected into
293T cells (Suppl. Fig. 1A and B). The cells were then subjected
to ﬂow cytometric analysis using Annexin V and 7-AAD, which
evaluate phosphatidylserine exposure and membrane permeabil-
ity, respectively. Early (Annexin V+/7-AAD

) and late (Annexin V+/
7-AAD+) apoptotic cells were discriminated (Suppl. Fig. 1C) and An-
nexin V positivity was quantiﬁed according to the ﬂow cytometric
results. Twenty-four hours after UVC irradiation, MG23 knock-
down cells were 15% more Annexin V-positive compared withwith either siRNA against MG23 (MG23si) or a scrambled control siRNA (Sc) were
ints after the irradiation. Annexin V positivity indicates the total percentage of two
n ± S.E. of seven separate experiments. Wilcoxon rank sum test was used in (A–C) to
re UVC irradiated (15 or 50 J/m2) or treated with the following agents: Vehicle, 0.1%
was performed at 24 and 40 h after UVC irradiation and the addition of agents,
< 0.01. (C) 293T cells were transfected with either an insertless vector (Iv) or the
VC irradiation and the addition of Etop (10 lM), respectively. The result represents
Fig. 2. The C-terminal region of MG23 mediated protection against UVC. (A)
Proposed domain structures of MG23 are depicted. TM, transmembrane segments;
CP1 and CP2, cytoplasmic domains. (B) 293T cells were transfected with either an Iv
or expression plasmids encoding CP1 or CP2, both tagged with myc. Treatments and
analysis (at 24 h postirradiation) were performed as in Fig. 1A. The result represents
mean ± S.E. of ﬁve separate experiments. Steel–Dwass test was used for all-pairs
multiple comparisons. Asterisk: P < 0.05.
Fig. 3. MG23 and aBC coordinately protected the cell against UVC. 293T cells were
transfected with different combinations of siRNAs as indicated. Treatments and
analysis (at 24 h postirradiation) were performed as in Fig. 1A. The result represents
mean ± S.E. of eleven separate experiments. Steel–Dwass test was used for all-pairs
multiple comparisons. Asterisk: P < 0.05.
Fig. 4. Anchoring of aBC to the ER lowered UVC sensitivity. (A) Chimeric proteins
transfected are depicted. Either entire (TMaBC) or the N-terminal half of aBC
(TMaBCn) were fused to the C-terminal end of the most N-terminal TM segment of
MG23. (B) 293T cells were transfected with either an Iv or expression plasmids
encoding wild-type aBC (aBC), TMaBC or TMaBCn, all tagged with myc. Treatments
and analysis (at 24 h postirradiation) were performed as in Fig. 1A. The result
represents mean ± S.E. of seven separate experiments. Steel–Dwass test was used
for all-pairs multiple comparisons. ⁄P < 0.05, ⁄⁄P < 0.01.
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knockdown did not signiﬁcantly affect responses to the anti-cancer
drug Etop, which causes DNA DSBs, or to the ER stressors such as
Tg (an inhibitor of sarco-endoplasmic reticulum Ca2+ uptake) and
Tu (an inhibitor of protein N-linked glycosylation) (Fig. 1B).
MG23, when overexpressed, improved survival of UVC-irradiated
293T cells (Fig. 1C), whereas it enhanced Etop-induced cell death,
consistent with our previous report [9]. Collectively, it was thus
suggested that MG23 would play a protective role against UVC-in-
duced cell death.3.2. The protective role of MG23 was mediated through its C-terminal
region
Given that MG23 turned out to be protective against UVC irra-
diation, we determined which region of MG23 helps propagate
DNA damage signals inside the cell. Two regions within MG23
(CP1 and CP2 in Fig. 2A) were previously demonstrated to face
the cytoplasm [7] and therefore overexpression of any one of them
was predicted to disrupt physical coupling between MG23 and its
binding partners. Enforced expression of the CP2 alone in 293T
cells resulted in higher Annexin V positivity upon UVC exposure
as compared with mock-transfected cells (Fig. 2). In contrast,
overexpressed CP1 did not signiﬁcantly affect UVC sensitivity, sug-
gesting that the C-terminal region of MG23 would be essential for
its protective role against UVC irradiation.
3.3. Identiﬁcation of aBC as a MG23-binding protein
To identify proteins interacting with the C-terminal region of
MG23, yeast two-hybrid screening was performed using the CP2
region as a bait. One of the isolated clones corresponded to the
C-terminal half (amino acid residues 89–175) of the small heat
shock protein aBC [16]. We subsequently examined if aBC could
bind to MG23 in vivo by co-immunoprecipitation assays, where
EGFP-tagged aBC (aBC-EGFP) and MG23 fused to the myc plus
6 histidine tag (MG23-myc) were overexpressed in 293T cells.
aBC-EGFP was co-immunoprecipitated with MG23-myc, but not
with myc alone (Suppl. Fig. 1D), suggestive of possible interactions
between aBC and MG23.
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Given that aBC could physically bind to MG23, we postulated
that the protective activity of MG23 against UVC irradiation might
be mediated via aBC. We then knocked down aBC in 293T cells
using siRNA to examine if aBC itself is involved in a cellular
response to UVC. aBC transcripts were depleted in this context
(Suppl. Fig. 1E), whereas the protein abundance in 293T cells was
too low to conﬁrm its reduction by immunoblotting of whole cell
lysates (data not shown). aBC knockdown cells showed higher
Annexin V positivity upon UVC exposure as compared with scram-
bled siRNA-transfected counterparts, implicating aBC as a protec-
tive factor against UVC irradiation (Fig. 3). More importantly,
MG23/aBC double knockdown enhanced UVC-induced cell death
to a similar extent as single knockdown of either MG23 or aBC,
implying that MG23 and aBC function coordinately rather than
independently. The results led us to reason that a fraction of aBC
might be localized to the immediate vicinity of the ER through
binding to MG23, thereby modulating signaling properties of ER
proteins including MG23. To test this idea, we transfected into
293T cells the chimeric protein TMaBC (Fig. 4A), which was gener-
ated by fusing entire aBC to the C-terminal end of the most
N-terminal transmembrane segment of MG23 and was expected
to be anchored to the ER. Overexpression of TMaBC rendered
293T cells more resistant to UVC (Fig. 4B). In contrast, overexpres-
sed wild-type aBC did not lower the sensitivity to UVC. Nor did the
chimeric protein TMaBCn (Fig. 4A), which lacks the C-terminal half
of aBC, the region isolated by the yeast two-hybrid screening using
MG23 as a bait. Taken together, the protective activity of MG23 in
the UVC response would be enabled at least partly by holding aBC
in close proximity to the ER.4. Discussion
In this study, we have demonstrated that the ER protein MG23
is protective against UVC-induced cell death, and that the interac-
tion with aBC underlies this functional characteristic of MG23. To-
gether with our previous report that MG23 is involved in the
cellular response to DSBs, MG23 would enable the ER to somehow
recognize intranuclear alterations and accordingly transmit signals
specifying cell fates.
As shown in Fig. 4, the enforced expression of the ER-anchored
form of aBC mitigated UVC-induced cell death. Of note, the
N-terminal half of aBC alone was unable to exhibit the similar ef-
fect even when tethered to the ER. Given that the C-terminal half of
aBC was identiﬁed as a MG23 binding partner in the yeast
two-hybrid system, aBC would exert the protective function
against UVC, at least in part, through the interaction with MG23.
The question then arises as to what this interaction provides. Con-
sidering that the C-terminal half harbors the region responsible for
aBC’s chaperone activity [16], it might be that aBC, acting as a
chaperone, helps MG23 to adopt structures suitable for contacts
with a third signaling molecule in the immediate vicinity of the
ER. Currently, no data have been obtained directly indicating that
conformation of MG23 could be modiﬁed by aBC. The fact that
the ER-targeted aBC failed to reduce UVC sensitivity without its
C-terminal half (Fig. 4B), however, argues for this idea. Although
the possibility of MG23 operating without physical associations
with aBC was not necessarily ruled out, MG23/aBC double-knock-
down experiments (Fig. 3) suggested that the two proteins likely
cooperate somewhere along the signaling pathway activated upon
DNA damage. Because the ER and other organelles, such as mito-
chondria, communicate with each other through anatomically spe-
cialized microdomain formed at the interface [17,18], modulation
of MG23 by aBC would have widespread effects on the organellarnetwork, ultimately dictating cell fates. Alternatively, it might be
that MG23 is just a scaffold protein unrelated to regulation of
organellar network. It appears difﬁcult for cytoplasmic proteins
to gain access to MG23, based on the ﬁnding that wild-type aBC
was not able to be protective against UVC when overexpressed in
293T cells (Fig. 4B). Recruiting cytoplasmic proteins to the ER
might normally be prevented by either intracellular environment
surrounding MG23 or the ER architecture itself. In other word,
signalosome involving MG23 might be allowed to form only when
needed.
UVC-induced cell death was enhanced by knockdown of MG23
in 293T cells, whereas the sensitivity to Etop, which causes DNA
DSBs, was not signiﬁcantly affected in this setting (Fig. 1A). On
the other hand, thymocytes in MG23-knockout mice were less
sensitive to DNA DSBs compared with their wild-type counterparts
[9]. Requirement for MG23 in the response to the DSBs thus
appears to vary among cell lineages. Indeed, we have observed that
MEFs derived from MG23-knockout mice and their wild-type
controls are comparably sensitive to Etop (unpublished data). In
293T cells, MG23-dependent and -independent signaling pathways
might be predominantly employed upon UVC exposure and Etop
treatment, respectively. Alternatively, reduction or lack of MG23
would just be compensated for by proteins functionally redundant
with MG23 in both 293T cells and MEFs.
Knockdown of MG23 raised Annexin V positivity by
approximately 15% on average (Fig. 1A and B) despite the
extremely high efﬁciency of siRNA-mediated gene silencing (Suppl.
Fig. 1A and B). This indicated that only a subpopulation of the
MG23 knockdown cells show enhanced sensitivity to UVC. It has
been widely accepted that cells at each cell cycle stage show
differential sensitivity to UVC [19]. We reason that the extent of
MG23 requirement for protection against UVC would vary during
cell cycle progression and that the inﬂuence of MG23 depletion
cannot be compensated for by other signaling molecules in a
certain phase of the cell cycle. The above ‘‘15%’’ fraction of the
knockdown cells could correspond to those within such cell cycle
phase where the presence of MG23 is critical for 293T cells to
survive upon UVC exposure.
It is well known that the ER is vital to the UPR [3–6]. Together
with our ﬁndings indicating involvement of MG23 in the DDR,
the ER is equipped with at least two sets of signaling molecules,
one for the DDR and the other for the UPR, and thereby mediating
both the DDR and the UPR. In UVC-irradiated 293T cells, we did not
detect the biochemical hallmark of the UPR such as splicing of
mRNA encoding the transcriptional factor XBP-1 [20,21] (data
not shown). The DDR-associated set of ER signaling molecules does
not appear to cross-activate the UPR pathway. It might be that the
two sets, engaged in the DDR or the UPR, operate separately from
each other. In accordance with this speculation, the UPR induced
with Tg or Tu was not signiﬁcantly affected by MG23 knockdown
(Fig. 1A).
We have demonstrated the contribution of the ER protein MG23
to UVC-triggered DNA damage response, thereby delineating the
duality of the ER as a signaling platform: the ER would govern
the DDR as well as the UPR. Defects in the DDR are closely
associated with the pathogenesis of a vast variety of diseases,
including human cancers [12,13]. This study therefore has
provided not only insights into the molecular nature of ER signals
but a potential target of cancer therapeutics.
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